. The number of hits within respective phyla are indicated, followed by the total number of genomes surveyed. Members of these phyla (in black) are noted for their ability to produce and excrete redox-active small molecules, such as phenazines (18) and actinorhodin (20) . Representative structures are shown. The tree was constructed using the ARB neighbor joining method from 16S ribosomal RNAs of 604 bacterial species. The bar represents 0.1 base substitutions per nucleotide. (B) Gene categories regulated by SoxR. Only in enterics are soxRboxes located upstream of soxS, which confirms the uniqueness of this network. In all other soxR-containing Proteo-and Actinobacteria, soxRboxes are mainly found upstream of five gene types as indicated; 100% correspond to 16 aProetobacteria, 18 b-Proteobacteria, 27 enteric, 38 non-enteric g-Proteobacteria, or 22 Actinobacteria. "Dehydr." stands for putative dehydrogenases; "oxygen." for putative mono-or dioxygenases; "L-PSP" putative L-PSP endoribonucleases, a family of ribonucleases that share homology with the rat liver perchloric acid-soluble protein, L-PSP; and "methyl./acetylase" putative methyl-or acetyltransferases. Additional annotation information can be found at http://soxRbox.mit.edu.
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tially not surprising, as this would be consistent with the conventional view of phenazines as toxic compounds (9) (10) (11) .
However, recent studies of the SoxR regulons in pseudomonads indicate an alternative role to the E. coli SoxR-SoxS paradigm. First, superoxide is not the sole activator of SoxR, as P. aeruginosa pyocyanin also induces the expression of its regulon under anoxic conditions (8) . Second, SoxRs from Pseudomonas putida (12) and P. aeruginosa (8, 13, 14) do not control any of the genes typically involved in superoxide resistance and detoxification, rather, SoxR from P. aeruginosa up-regulates expression of two transporters and a putative monooxygenase (fig. S1A). Third, P. aeruginosa soxR mutants show no decrease in resistance to superoxide, unlike E. coli soxR mutants (14) . These observations led us to hypothesize that redox-active signaling molecules, such as phenazines, might control other aspects of microbial behavior.
In this study, we investigated the distribution of the E. coli-type oxidative stress response by performing a BLAST search for SoxR and SoxS in the bacterial domain (15) . SoxR was found in sequences from 176 strains in the phyla Proteobacteria and Actinobacteria (Fig.  1A) , 123 of which come from completed genomes. The occurrence of SoxS was restricted to the family Enterobacteriaceae. To identify alternative SoxR targets in non-enterics, we searched all available complete bacterial genomes (616) for the presence of soxRboxes (i.e., SoxR-binding sites in the promoter regions of target genes) using a position weight matrix (PWM) derived from the soxRbox sequences of 12 diverse SoxR-containing bacteria ( fig. S1B ). This PWM permits statistically robust predictions of SoxR binding to a soxRbox. Of the 123 soxRcontaining genomes, 121 contain soxRboxes. SoxRboxes were also found in 27 genomes (19 were Firmicutes) that do not contain a soxR homolog. The results of our analysis (table S1 and http:// soxRbox.mit.edu) were consistent with gene expression studies made in the Gram-negative bacteria E. coli, S. enterica (10), P. aeruginosa (8, 13, 14) , and Agrobacterium tumefaciens (16), which validates our search algorithm.
The organization found in E. coli ( fig. S1 ), with one soxRbox upstream of soxS and no other soxRboxes in the genome, occurred only in enterics (27 genomes) (Fig. 1B) . Two enterics contained an additional soxRbox upstream of putative dioxygenases. The remaining organisms contained one or more soxRboxes upstream of genes other than soxS. These SoxR target genes fell into five main categories, including transporters, oxygenases, dehydrogenases, putative acetyl-or methyltransferases, and L-PSP endoribonucleases (L-PSP is defined in the legend to Fig. 1B) , all of which are potentially involved in the transformation or transport of small molecules, such as antibiotics (17) . The occurrence of soxR upstream of soxS in enterics thus appears to be an evolutionary exception confirmed by the unique branching of the enteric orthologs on a SoxR phylogenetic tree ( fig. S2 ).
Given that many of the bacteria that contain soxRboxes are producers of redox-active antibiotics (18) (Fig. 1A) , it seems reasonable that SoxR may have evolved to regulate their transport and/or turnover. We chose to work with the Gram-positive actinomycete Streptomyces coelicolor A3 (2) to test whether the SoxR regulon is up-regulated in response to endogenous small molecules, because members of this phylum are widely recognized as important sources of antibiotics (19) . S. coelicolor A3(2) produces the blue pigment actinorhodin and the red undecylprodigiosin ( fig. S3) (20) . On the basis of our analysis, we predicted a SoxR regulon comprising two genes for S. coelicolor A3(2), encoding putative redox enzymes ( Fig.  2A) . Expression of these genes in the wild type (strain M145) was compared with that in a mu- Fig. 2 . The putative S. coelicolor A3(2) SoxR regulon is specifically up-regulated by pigments. (A) Genes predicted to be regulated by SoxR are shown in gray. (B) RNA extracted from plategrown S. coelicolor A3(2) M145 and the pigmentnull mutant M512 was used to generate cDNA for quantitative RT-PCR (15) . Signals were standardized to SCO4548 (32) . The experiment was done in triplicate, and data reported represent the mean TSD. SoxR itself (SCO1697) was also tested for changes in gene expression. Fig. 3 . Phenazine production modulates colony morphology in P. aeruginosa PA14. P. aeruginosa cultures were spotted onto agar plates containing Congo Red and Coomassie Blue, and incubated at 20°C for 6 days. The phenazine null strain (Dphz) started to wrinkle on day 2, the wild type (wt) wrinkled on day 3, and the soxR and mexGHI-opmD deletion strains wrinkled on day 5, whereas a pyocyanin overproducer (DKN370) remained smooth and white after 6 days.
tant that does not produce the two pigments (strain M512) (21) . Both predicted SoxRregulated genes were significantly up-regulated in the wild type relative to the pigment-null mutant (~250-to 6000-fold), as determined by quantitative reverse transcription polymerase chain reaction (RT-PCR) (Fig. 2B) , which confirmed that pigment production stimulated gene expression via SoxR. Hence, the primary function of SoxR in S. coelicolor, as in P. aeruginosa, is not to activate a response to superoxide but to mediate a response to endogenous pigments.
Recently, we showed that phenazines are terminal signals in P. aeruginosa's quorumsensing cascade (8) . The importance of quorum sensing for the coordination of many bacterial communities is well established (22) . Moreover, a phenazine-dependent effect on biofilm formation has been reported in P. aureofaciens (23) . Together with our bioinformatic SoxR results, these observations led us to hypothesize that redox-active pigments might act as signals to modulate the structural organization of cellular communities.
To investigate the effect of extracellular pigments on community development, we began by focusing on P. aeruginosa PA14. We spotted 10-ml aliquots of late exponential-phase cultures onto agar plates and incubated them at room temperature for 8 days. Under these conditions, wild-type cells initially formed smooth colonies (Fig. 3) . After 4 days of incubation, the colonies began to wrinkle and reached a maximum area of~2.5 cm 2 ( Figs. 3 and 4A) . However, the phenazine-null mutant formed severely wrinkled colonies within 2 days of incubation (Fig. 3) , which subsequently flattened and spread to~3.5 cm 2 (Fig. 4A) . In contrast, a mutant that overproduced pyocyanin (DKN370) remained smooth and compact (Figs. 3 and 4A) . These results demonstrated a role for phenazines in controlling bacterial colony size and structure.
Phenazines are diffusible molecules that may influence phenotype over distance. Indeed, we found that adding pyocyanin to the growth medium ( fig. S4A ) or spotting the phenazine overproducer next to the phenazine deletion mutant ( fig. S4B ) resulted in the formation of smooth compact colonies. We tested the role of SoxR in mediating the effect of phenazines on colony morphology by making a SoxR-deletion mutant. However, the mutant behaved similarly to the pyocyanin overproducer, and colonies remained smooth for 4 days (Fig. 3) . As for the overproducer, DsoxR released more pyocyanin into the agar than the wild type (Fig. 4B) . There thus appears to be a direct correlation between pyocyanin release and colony smoothness.
To further analyze the DsoxR phenotype, we tested P. aeruginosa mutants disrupted in the SoxR target genes PA14_35160 (encoding a putative monooxygenase), mexGHI-opmD [encoding a resistance-nodulation-cell division (RND) efflux pump], and PA14_16310 [encoding a major facilitator superfamily (MFS) transporter]. Deletions of PA14_35160 and PA14_16310 did not affect colony morphology; however, the loss of mexGHI-opmD produced a phenotype that looked like the DsoxR mutant, i.e., wrinkling was slow (Fig. 3) , and was accompanied by a slightly elevated pyocyanin release (Fig. 4B ). By contrast, the release of the yellow phenazine-1-carboxylate (PCA) and an unidentified red phenazine (possibly 5-methyl-PCA), decreased by 10 and 60%, respectively, in the mexGHIopmD mutant relative to the wild type, which indicates that mexGHI-opmD is a general phenazine transporter. Antibiotic biosynthetic genes are often found adjacent to their cognate transporter (24) fig. S5A ).
PhzA1-G1 synthesizes the yellow phenazine PCA, and PhzM methylates PCA to yield the red phenazine 5-methyl-PCA, which is then hydroxylated by PhzS to form pyocyanin. Transposon insertion mutants in mexI and opmD of P. aeruginosa PAO1 are known to accumulate an unidentified toxic compound that causes an elongated lag phase in planktonic cultures (25) . We found a similar phenotype in P. aeruginosa PA14 ( fig. S5B) , which is probably caused by an intracellular accumulation of phenazines. Our experiments showed that SoxR target genes do not directly influence colony development; instead, SoxR regulates the efflux of phenazines via the RND transporter MexGHI-OpmD. Although yellow PCA and red phenazine are retained in the mexGHI-opmD mutant, the release of pyocyanin indicates an alternative efflux mechanism favoring pyocyanin. Compensatory changes in expression of RND efflux pumps are well known to occur in P. aeruginosa (26) .
To determine whether the phenotypic effects of pigment production observed for P. aeruginosa were unique to this organism or more generalizable, we performed analogous experiments with S. coelicolor A3(2). As for P. aeruginosa, a pigment-defective mutant of S. coelicolor adopted a more wrinkled morphology than the respective wild type (Fig. 4C) . The mechanisms whereby pigments control colony morphology are not understood, but are likely to be complex. For P. aeruginosa PA14, we know that pyocyanin affects the expression of at least 35 genes other than those in the SoxR regulon (8) and has profound effects on the cell's physiology, in- -medium at room temperature. The pigment mutant exhibits a wrinkled morphology, whereas the wild type takes on a smoother phenotype. Scale bar is 0.5 cm.
cluding the redox state of the intracellular nicotinamide adenine dinucleotide [NAD(H)] pool (27) . Any number of these effects may contribute, both directly and indirectly, to the ultimate architectures observed. One component that is likely involved is extracellular polysaccharide (EPS). Congo Red, a constituent of the agar used in the experiments shown in Fig. 3 , is known to bind the gluose-rich exopolysaccharide PEL (28) . Because the phenazine-null mutant is bright red, whereas the pyocyanin overproducer is pale, we infer there is an inverse relationship between phenazine and PEL production (Fig. 3) . How phenazines affect the pel genes and how such changes in EPS composition contribute to colony morphogenesis remain to be determined.
Pigments excreted by bacteria have long been assumed to be "secondary" metabolites or even waste products, owing to the sporadic strain-and condition-dependent nature of their production (29) . Many of these redox-active compounds are known to have antibiotic activities toward competing cells (1, 20) , but until recently, their potential to directly participate in the physiology of the producing organism has been largely neglected (7) . We now know that small molecules initially characterized as antibiotics allow intercellular communication within bacterial populations (30) , and this work implies a conserved function for redox-active pigment antibiotics of the Gram-negative bacterium P. aeruginosa and the Gram-positive bacterium S. coelicolor A3(2). These pigments influence transcriptional regulation and modulate the physical characteristics of communities of their producers at later stages in their development. Rather than being "secondary," diverse redox-active antibiotics may share similar functions of primary importance throughout the bacterial domain.
